Background: Brain-derived neurotrophic factor (BDNF) is a major neurotrophin which may have promise to be a nutraceutical of this decade. It has a documented role in neurogenesis, angiogenesis, and neuronal survival. BDNF can have beneficial effects on several cardio-metabolic and neuro-psychiatric disorders, indicating that it is important in brainbody interactions. Diet and lifestyle factors may also have an influence on BDNF levels. In this review, we examine the beneficial role of BDNF on risk factors of vascular diseases, type 2 diabetes mellitus and anxiety disorders. Methods: Internet search and discussion with peer colleagues. Results: Majority of the BDNF (70-80%) is derived from dendrite of neurons but it is also present in other body tissues. BDNF controls the food intake and appetite as well as lipid and glucose metabolism. Sedentary behavior and tobacco intake may be associated with BDNF deficiency. Lower serum concentration of BDNF and higher vascular endothelial growth factor (VEGF) concentrations were associated with increased risk of incident stroke/TIA. BDNF may serve as an intermediate biomarker for subclinical vascular disease and may also have biological potential to serve as a therapeutic target for primary and secondary prevention of vascular diseases, as well as clinical and subclinical vascular brain disease. BDNF deficiency has been observed in association with anxiety, depression, insomnia, dementia, insulin resistance, type 2 diabetes and vascular diseases. The phenotypes associated with insulin resistance are at increased risk for developing cognitive decline and neuro-degeneration resulting in vascular dementia, and depression as well as diabetes mellitus and metabolic syndrome, which are risk factors for CVDs. BDNF may be administered as nutraceutical due to its protective influence on BDNF concentrations, insulin receptors and hypothalamic dysfunction leading to beneficial effects on cardiovascular risk and neuropsychological dysfunction. It is proposed that omega-3 fatty acids and moderate physical activity may enhance BDNF release. Conclusions: It is possible that circulating BDNF deficiency is a risk factor for obesity, CVDs and diabetes as well as risk factor for neuropsychiatric diseases. BDNF administration may modify the risk of clinical and subclinical stroke, depression, and dementia as well as of obesity and type 2 diabetes.
INTRODUCTION
Nutritional deficiencies and appreciable overnutrition in the form of obesity and metabolic syndrome are common in most countries [1, 2] . These metabolic problems may have a route via brain-body interactions [3] [4] [5] [6] [7] [8] [9] [10] . Western style foods rich in refined carbohydrates, linoleic acid, saturated and total fat and low dietary n-3 fatty acids and flavonoids, in conjunction with physical inactivity, anxiety and depression can predispose inflammation leading to cardiovascular diseases (CVDs) [1] [2] [3] [4] [5] [6] [7] . An experimental study showed that *Address correspondence to this author at the Halberg Hospital and Research Institute, Civil Lines, Moradabad (UP), India; Tel: 0091 591 2417437; Email: rbs@tsimtsoum.net vagal nerve stimulation attenuated the systemic inflammatory response to endotoxin indicating that brain appears to have significant influence on biological dysfunctions in other body systems [8] . Increased sympathetic activity, in presence of lower parasympathetic activity, with increased release of neurotransmitters; catecholamine, cortisol, and serotonin can cause oxidative stress, which may damage the arcuate nucleus as well as the pro-opiomelanocortin (POMC) neurons in the hypothalamus and macrophages, and the liver and may release pro-inflammatory cytokines, which appear to be underlying mechanisms of neuro-cardiovascular risk [4] [5] [6] [7] [8] [9] [10] .
It is possible that dietary long chain polyunsaturated fatty acid (PUFA), flavonoid and coenzyme Q10 deficiency, sedentary behavior and tobacco may inhibit the release of brain-derived neurotrophic factor (BDNF) and endocannabinoid receptors in the brain and other body systems; liver, heart, blood vessels, small intestine and pancreas [9, 10] . BDNF has been implicated in the pathogenesis of major depression [10] . Subjects with type 2 diabetes have a high prevalence of major depression and low levels of BDNF which poses the possibility that the BDNF Val66Met polymorphism may be associated with co-morbid depression and the low serum levels of BDNF which has an important role in regulating maintenance, growth and survival of neurons [10] .
Of the total fatty acids in the brain, 30%-50% are long chain PUFA, which are incorporated in the cell membrane phospholipids of neurons and other body cells. It is possible that omega-3 fatty acids, coenzyme Q10 and flavonoids as well as moderate exercise training, that are known to enhance parasympathetic activity and increase the secretion of anti-inflammatory cytokines interleukin IL-4 and IL-10 as well as acetylcholine in the hippocampus, may be protective. It has been demonstrated that biological functions of the human body have a periodicity which is controlled by interactions of solar activity and neuro-endocrine system [11] . It is proposed that BDNF levels also may have periodicity showing lower levels in the morning with increase in the day as a compensatory mechanism. Neurotrophins are considered to play a major role in neural function including survival, development, and plasticity [10, 12] . This review reports the scientific evidence available on neuro-hormonal and environmental triggers of BDNF in relation to CVDs, anxiety disorders and type 2 diabetes.
CARDIOVASCULAR DISEASE, DIABETES MELLI-TUS AND DEPRESSION
Epidemiological studies indicate that approximately 26-30% of patients with type 2 diabetes, suffer from various grades of depression, which are above that of the normal population [13, 14] . Type 2 diabetes and depression are two of the highly prevalent non-communicable diseases (NCDs) and are major risk factors for CVDs. All these causes and CVD mortality rates are significantly higher among patients with type 2 diabetes and depression than among patients with diabetes without depression [15] . Therefore, it is important to study the etiology of depression with CVDs and type 2 diabetes mellitus. In a randomized controlled trial among 584 patients, aged 60-74 years, of a depression treatment program for older adults based on primary care (PROS-PECT), treatment showed beneficial effects on diabetes, depression, and death [16] . Of the 584 participants, 123 (21.2%) reported a history of diabetes, who were assessed at 5 years. After a median follow-up of 52.0 months, 110 depressed patients had died. Depressed patients with diabetes in the intervention category were less likely to have died during the 5-year follow-up interval than depressed diabetic patients in usual care after accounting for baseline differences among patients (adjusted hazard ratio 0.49 [95% CI 0.24-0.98]). It is possible that elderly depressed primary care patients with diabetes, implementing depression care management were less likely to die over the course of a 5-year interval than depressed patients with diabetes in usual-care.
BRAIN DERIVED NEUROTROPHIC FACTOR
BDNF is the most abundant neurotrophin in the mammalian central nervous system, which protects the neurons from injury, at least in part, by inhibiting apoptosis and by stimulating sprouting and neuronal reorganization. Majority of the BDNF (70-80%) is derived from brain but it is normally found in the liver, pancreas, small intestine and arterial cells, indicating its role in the brain-body connections. The synaptic plasticity and survival of neurons may be modulated by BDNF concentration [12] . BDNF appears to be involved in the pathogenesis of several cardio-metabolic and neuropsychiatric disorders, indicating that it is important in brainbody interactions [10] [11] [12] [13] [14] [15] [16] [17] . In a recent meta-analysis, a total of 1179 participants were included [12] . The findings showed lower BDNF levels in individuals with any anxiety disorder compared to those without. However, it was dependent on source of BDNF protein and type of anxiety disorder indicating that BDNF concentrations may be decreased in subjects with an anxiety disorder. This observation is not consistent across various anxiety disorders and may largely be explained by the significantly lowered BDNF levels found in depression. BDNF plays a key role in regulating survival, growth and maintenance of neurons [17] . It is possible that reduction in BDNF expression is a pathogenic factor common to Alzheimer's disease, dementia and major depression which are in turn risk factors for CVDs and type 2 diabetes [17] [18] [19] . BDNF could be a biomarker of insulin resistance, diabetes mellitus and cardiovascular as well as anxiety and depression, hence it would be useful to understand its role in these disorders [10, 13, 14, [17] [18] [19] [20] [21] . BDNF metabolism and synthesis are shown in (Fig. 1) .
BDNF AND DEPRESSION
A decrease in serum levels of mature Brain-Derived Neurotrophic Factor, but not its precursor proBDNF, in patients with major depressive disorder has been observed indicating its role in depression [10] . Several workers, have reported that patients with major depression, have significantly lower concentrations of serum BDNF compared with normal controls [20, 21] . However, treatment with antidepressants led to an up-regulation of BDNF in the hippocampus of subjects with major depression [19] . Experimental study indicates that infusion of recombinant BDNF exerted antidepressant effect which confirms the association of BDNF with depression [22] . The direct metabolic role of BDNF is supported by studies on BDNF-deficient mice, which developed diabetes and obesity in early adulthood [23] . It has been reviewed that animals having BDNF deficiency, also have important influence on the regulation of eating behavior and modulation of the secretion and activities of insulin, leptin, ghrelin and proinflammatory cytokines associated with energy homeostasis (Fig. 2) [24] [25] [26] . Epidemiologic studies also indicate that patients with type 2 diabetes are at greater risk of depression in association with lower serum BDNF levels compared to non-diabetic individuals [24, [27] [28] [29] . This finding poses the possibility that the higher rate of depression in diabetes may be in part mediated by decreased BDNF levels.
BDNF POLYMORPHISM
The clinical significance of the effect of BDNF levels on depression and the impact of Val66Met polymorphism remain unclear in type 2 diabetes patients with depression. It seems likely that BDNF genetic studies of patients with and without depression may shed light on the potential genetic link between depression and type 2 diabetes [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . It has been proposed that a genetic variation (Val to Met substitution) in BDNF, leading to a reduction in serum BDNF levels in type 2 diabetes, may contribute to depression and diabetes [37] . This study examined the association of BDNF Val66Met polymorphism with depression in T2DM of Chinese Han subjects (major ethnic group in East Asia) [37] . There is a positive association between BDNF Val66Met polymorphism and comorbid depression in patients with type 2 diabetes and Met allele carriers are susceptible to suffer from depression. Serum BDNF levels are decreased in diabetes patients carrying either 66Met/Met homozygote or 66Val/Met heterozygote compared to those carrying 66Val homozygote.
Several studies have demonstrated that the degree of therapeutic response to antidepressants is associated with the BDNF Val66Met polymorphism, suggesting that the BDNF gene may be a good candidate gene for the pharmacogenetic study of antidepressants [18] . The human BDNF gene has been mapped to chromosome 11p13 and a common single nucleotide polymorphism (SNP). It consists of a missense change (G196A), which produces a valine (Val) to methionine (Met) alteration, that has been identified in the coding exon of the BDNF gene at position 66 (Val66Met) [30] . The intracellular trafficking and activity-dependent secretion of BDNF may depend on Val66Met polymorphism in the BDNF gene [31] . The Met allele may be associated with decline in hippocampal volume in both normal and depressed patients and with decreased executive function and cognition [31, 32] . BDNF Val66Met polymorphism and lower levels of BDNF have been associated with major depressive disorders among Caucasians [33] . Further clinical studies have demonstrated that the Met allele was more commonly observed among individuals with mood disorders [34] [35] [36] . However, a higher incidence of depression in Val, not Met carriers has also been observed [38] . Since both alleles have been associated with different disease processes, including emotion response [39] , esophageal hypersensitivity [40] , individual's sexual activities [41] and depression, hence the effects on brain function remain elusive [33, 42, 43 ]. An experimental study confirmed that a variant BDNF mouse (BDNF Met/Met) reproduced the phenotypic hallmarks of humans with this variant allele, and exhibited increased anxiety-related behaviors [44] .
BDNF AND INSOMNIA
Slow-wave activity (SWA), the electroencephalography power between 0.5 and 4 Hz, during non-rapid eye movement sleep, is one of the best characterized markers of necessity of sleep. The main cause is that it increases as a function of preceding waking duration and decreases during sleep, but the underlying mechanisms remain unknown. A causal role for brain-derived neurotrophic factor in the homeostatic regulation of sleep has been observed [45] [46] [47] . BDNF has become increasingly accepted as a central mediator of the effects of stress on neuronal plasticity and its implication for psychopathology leading to neuropsychiatric diseases. The survival of neuron, learning, memory, appetite and sleep appear to be neurotropic functions of BDNF [45] [46] [47] . It is possible that neuro-cardiometabolic and stress-related mental disorders result from stress-induced decreases in BDNF expression. Disruption of sleep is a common feature in many stress-related mental disorders, which may predispose impairment of physical and mental health because sleep loss is often followed by higher stress vulnerability [48] . Insomnia is a common manifestation of depression among these patients [49] and in accordance with the neurotrophin hypothesis, BDNF may be involved in major depression and antidepressant effect [50, 51] . Majority of workers have concentrated on specifying the role of BDNF in depression, the relation between BDNF and insomnia has been ignored. A recent study, investigated serum BDNF levels among 50 adults with symptoms of insomnia and healthy controls [44] . There was a significant difference in serum BDNF levels between smokers and non-smokers (t (47) = 3.066; P = 0.004, ns: age, BMI and sex) as reported earlier [8] . Insomnia (n = 26) exhibited significantly decreased serum BDNF levels compared with sleep-healthy controls (n = 24; F(1) = 5.017; P = 0.03) Serum BDNF levels were also significantly correlated with severity of insomnia in all participants (n = 50; r = 0.409; P = 0.004). While sleep impairment was associated with lower serum BDNF levels, good sleep was associated with higher serum BDNF levels. Serum BDNF levels were significantly lower in those reporting symptoms of fatigue (n = 6) compared with sleep-healthy subjects (n = 6; t = 2.2625; P = 0.025) and were significantly correlated (n = 12, r = 0.639; P = 0.025) with the symptoms of tiredness and fatigue known to reflect malfunction of sleep. The findings support the hypothesis of increased stress vulnerability due to sleep loss, which may lead to decreased BDNF secretion. Such a decrease might be associated with a decrease in BDNF mRNA expression in peripheral blood mononuclear cells and/or may correspond to a decline of BDNF concentration in the brain. There is a need to examine association of peripheral BDNF levels with brain BDNF levels to find out its effects on gut hormones, cardio-myocyte and vascular endothelial functions. The association of serum BDNF concentration as potential indicator of brain alteration is justified, and a reduction of BDNF levels also linked to sleep disturbance [52] . However, wakefulness causing acute deprivation of sleep may be considered as a stressor for the brain which may cause adaptation leading to an increase in BDNF levels [53] . Therefore, one night of sleep deprivation, may be used as therapeutic intervention in some insomniac or depressed patients as a compensatory process to normalize BDNF levels [45] . There is some evidence that reduced peripheral BDNF mRNA levels are normalized by antidepressant treatment [54] .
BDNF AND ALCOHOLISM
Several alterations in brain stress and reward systems have been reported after abstinence from chronic alcoholism. These adaptations include robust changes in the hypothalamic-pituitary-adrenal (HPA) and autonomic arousal pathways as well as in the mesolimbic dopamine system involved in the rewarding properties of alcohol. Serum BDNF level is variable in various reports, and interpretation is difficult due to limited information regarding analytical variance, biological variability, and the relative contribution of platelet and plasma pools to serum BDNF [55] . In a recent study, within-and between-subject variability, and group differences in serum and plasma BDNF, were assessed on three separate days in 16, 4-week abstinent alcohol dependent subjects (7M/9F) and 16 social drinkers (SDs; 8M/8F). Significantly higher mean serum BDNF levels were observed for the alcohol dependent group compared to the social drinker group (P = 0.003). No significant difference in mean baseline plasma BDNF levels was observed between the two groups. The low BDNF correlations that were observed between plasma and serum levels are congruent with their representing separate pools of BDNF [55] . The observation of higher basal serum BDNF in the alcohol dependent group without a concomitant elevation in plasma BDNF levels indicates that the elevated serum BDNF in these patients is not due to greater BDNF exposure.
BDNF, OBESITY AND INSULIN RESISTANCE
BDNF is produced in brain neurons; hippocampus, cortex, basal forebrain, many nuclei in the brain stem, and in catecholamine neurons, including dopamine neurons in the substantia nigra. It is proposed that BDNF is also produced in the arcuate nucleus and pro-opiomelanocortin (POMC) neurons which are known to control food intake and weight gain as well as insulin release (Fig. 2) . BDNF is also released in other tissues; salivary glands, stomach, duodenum, ileum, colon, lung, heart, liver, pancreas, kidney, bladder, uterus, oviduct, monocytes and eosinophils [57] [58] [59] . BDNF regulates functions of the gut and pancreatic beta islet activity in response to plasma levels of glucose, protein, fatty acids, insulin, and leptin in which hypothalamus plays a critical role. The food intake and body weight are regulated by BDNF. However, insulin resistance is determined by food intake and energy expenditure and weight gain which are under control of BDNF.
There is evidence that BDNF is also involved in all the inflammatory diseases; myocardial injury, rheumatological conditions, inflammatory bowel disease and atopic dermatitis, apart from insulin resistance, obesity, type 2 diabetes and metabolic syndrome [60] [61] [62] [63] [64] . BDNF deficiency observed in association with these diseases indicates that it may inhibit inflammation and inflammation can neutralize same causing a decrease in BDNF levels. Since the hypothalamus plays a critical role in energy homeostasis, it is important to identify factors that are relevant to glucose homeostasis. It seems that the arcuate nucleus metabolizes long chain fatty acids (LCFA) to produce long-chain fatty acyl-CoA intermediates (LCFACoA), which dampen appetite and reduce food intake leading to a decline in obesity and insulin resistance. Melanocortin 4 (MC4), melanocyte-stimulating hormone (MSH); POMC, pro-opiomelanocortin (POMC) neurons, neuropeptide-Y (NPY); and agouti-related protein (AGRP), appear to be important in this mechanism [1] [2] [3] [4] .
In experimental studies, treatment with BDNF decreased random blood glucose and body weight in obese, noninsulin-dependent diabetic C57BLKS-Lepr(db)/lepr(db) (db/db) mice and prevented diabetes [65] [66] [67] [68] [69] [70] [71] [72] [73] . The effects of BDNF on non-fasted blood glucose levels are not caused by the effects that persisted for weeks after cessation of BDNF treatment. It also reduced the hepatomegaly present in db/db mice, in association with reduced liver glycogen and reduced liver enzyme activity in serum, supporting the involvement of liver tissue in the mechanism of action for BDNF [63] . BDNF administration, once or twice per week (70mg/kg/week) to db/db mice for 3 weeks significantly reduced blood glucose and hemoglobinA1c, (HbA1c= glycosylated hemoglobin) as compared with control [23] . These results indicate that BDNF reduced blood glucose as well as restored systemic glucose balance and hence it can prevent insulin resistance.
The hypothalamic nuclei are associated with satiety and locomotor function, consisting of BDNF and its tyrosine kinase receptor expression, depending on food intake and sedentary behavior. BDNF gene expression is reduced in experimental mice and they exhibit abnormalities in eating behaviors and locomotor activity, which may be reversed by BDNF or neurotrophin 4/5 infusion [69] . Gene transfer of BDNF can cause a marked reduction in weight and decrease in insulin resistance [69] . Experimental study indicates that BDNF activates the sympathetic nervous system via the central nervous system and regulates energy expenditure in obesity with diabetes [65] . In future, it may be possible that BDNF can be used as a hypoglycemic agent by administering it once in a week [66] . The decrease in hyperglycemia continuously for 7 days by administration of BDNF can provide better control of vascular complications of diabetes by decreasing superoxide anion, dyslipidemia, insulin resistance, free fatty acids, pro-inflammatory cytokines and endothelial dysfunction resulting in decline in CVDs. In an experimental model of obesity and type 2 diabetes [67] , therapeutic efficacy of BDNF has been demonstrated. Gene transfer of BDNF may cause weight loss and alleviation of obesity and associated insulin resistance. BDNF plays a significant role in the regulation of appetite, obesity, and in the pathogenesis of insulin resistance by its action on hypothalamic neurons. BDNF may also modulate the release and activity of leptin, ghrelin, insulin, neuropeptide Y, melanocortin, serotonin, dopamine and other neuropeptides, neurotransmitters and gut hormones. It is possible that it would be a novel approach, in the management of metabolic syndrome, if BDNF can be delivered to the hypothalamus. PUFA has been found to have beneficial effects on obesity and type 2 diabetes which poses the possibility that both agents may have positive interactions. The combination of BDNF with w-3 fatty acids could be of additional benefit in the management of metabolic syndrome, because this complex of two agents would allow BDNF to pass the bloodbrain barrier easily, to reach the hypothalamus for its activity against metabolic syndrome [68] . W-3 fatty acids are present in large amounts in the brain and are known to increase the production of BDNF as they are natural enhancers of BDNF expression [68] . PUFA can also enhance the availability of endocannabinoid receptors which may be protective against obesity and metabolic syndrome [69] .
There is evidence that peripheral inflammation induced an increased expression of BDNF mRNA which was mediated by nerve growth factor in the dorsal root ganglion. It is possible that BDNF might have a role in inflammation and hyperalgesia because nerve growth factor is a mediator of hyperalgesia. Experimental study using an intraplantar injection of Freund's adjuvant into rat paws caused significant increases in the percentage of BDNF-immunoreactive neuron profiles in the L5 dorsal root ganglion [70] . There was a marked increase in the expression of BDNF-IR terminals in the spinal dorsal horn following peripheral tissue inflammation produced [70] . These findings suggest that peripheral tissue inflammation induces an increased BDNF synthesis in the dorsal root ganglion and elevated anterograde transport of BDNF to the spinal dorsal horn.
BDNF AND TYPE 2 DIABETES MELLITUS
There is a low-grade systemic inflammation occurring in obesity, metabolic syndrome, CVDs and type 2 diabetes mellitus. Since BDNF is involved in their pathobiology, it is tempting to speculate that BDNF may also have a role in the regulation of inflammation and immune reactivity and brainheart interactions [56] . Experimental studies indicate that BDNF regulates functions of the gut and pancreatic beta islet activity in response to plasma levels of glucose, protein, fatty acids, insulin, and leptin in which hypothalamus plays a critical role [56, [71] [72] [73] . The food intake and body weight may be regulated by BDNF, present in the hippocampus, hypothalamus; arcuate nucleus and POMC neurons, cortex, basal forebrain, many nuclei in the brain stem, and catecholamine neurons, including dopamine neurons in the substantia nigra.
The above disorders of brain may be associated with type 2 diabetes, and animal models suggest that BDNF plays a role in insulin resistance. There is an inverse association between reduced BDNF concentration and type 2 diabetes and treatment with BDNF was associated with improvement in glucose metabolism, insulin sensitivity, and reduction in food consumption [26] . It is possible to conclude that BDNF may play an important role in the development of obesity and type 2 diabetes in humans. Plasma levels of BDNF were inversely associated with type 2 diabetes mellitus independent of obesity [64] . This study comprised of 233 subjects including; subjects with type 2 diabetes, obesity and healthy subjects. In Study 1, plasma levels of BDNF were decreased in patients with type 2 diabetes independently of obesity. Plasma BDNF was inversely associated with fasting plasma glucose, but not with insulin. No association was found between the BDNF G196A (Val66Met) polymorphism and diabetes or obesity. In Study 2, an output of BDNF from the human brain was detected at basal conditions. This output was inhibited when blood glucose levels were elevated. In contrast, when plasma insulin was increased while maintaining normal blood glucose, the cerebral output of BDNF was not inhibited, indicating that high levels of glucose, but not insulin, inhibit the output of BDNF from the human brain. It is possible that low levels of BDNF accompany impaired glucose metabolism. Decline in BDNF may be associated with dementia and depression, as well as with type 2 diabetes, potentially explaining the clustering of these conditions in epidemiological studies. A recent study also reported a significant inverse association between BDNF levels and HbA1c indicating that BDNF may be used as a therapeutic agent for prevention and treatment of diabetes mellitus [10] .
Experimental studies indicate that intracerebroventricular (ICV) administration of BDNF lowered blood glucose, increased pancreatic insulin content, enhanced thermogenesis and norepinephrine turnover, and increased uncoupling protein-1 mRNA expression in the interscapular brown adipose tissue of db/db mice [65] . It is possible that BDNF activates the sympathetic nervous system via the central nervous system and regulates energy expenditure in obese diabetic animals. BDNF appears to be an anorexigenic factor that may be highly expressed in ventromedial hypothalamic (VMH) nuclei, arcuate nucleus and POMC neurons. The concentrations of BDNF in the brain are regulated by feeding status. It seems that stress hormone corticosterone decreases the expression of BDNF in rats and may cause an eventual atrophy of the hippocampus, suggesting that BDNF and neurons in the brain play a critical role in obesity and type 2 diabetes mellitus [28] . Circulating insulin acts as an adiposity signal to the brain, especially on the arcuate nucleus of the hypothalamus, which, in turn, controls energy homeostasis [50] . Insulin stimulates the synthesis of POMC, which acts on melanocortin receptors MC3R and MC4R in several hypothalamic nuclei [50] . Tamura et al. [74] reported that ghrelin stimulates GH but no food intake in arcuate nucleus ablated rats, indicating the further importance of the arcuate nucleus in the hypothalamus.
Associations among plasma BDNF, cognition, and insulin function were studied among 41 subjects with impaired insulin function, ranging from insulin resistance to type 2 diabetes mellitus [26] . These patients were matched with 41 healthy controls on gender, age, education, and IQ levels. Individuals with impaired insulin function had significantly lower plasma BDNF levels than controls, particularly females, and higher BDNF levels were associated with poorer explicit memory in these females. It is possible that higher BDNF levels within this group may reflect the body's efforts to respond to damage. After accounting for age, education, and HbA1c, BDNF significantly predicted 13.1-23.5% of the variance in explicit memory in women. The results indicate that BDNF elevations within diseased groups may not always be a marker of health but may be due to compensatory mechanisms.
Suwa et al. also reported that serum BDNF levels are increased in patients associated with obesity in newly diagnosed female patients with type 2 diabetes mellitus [75] . In this study, BDNF levels were measured in the serum among 24 patients, aged 34-56 years, in newly diagnosed female patients with type 2 diabetes mellitus and female subjects with normal glucose tolerance (n = 7, aged 34-56 years). The serum BDNF levels were found to significantly increase in diabetic patients in comparison to those in healthy subjects (P <0.05). The serum BDNF levels showed positive correlation with the body mass index, the percentage of body fat, the subcutaneous fat area based on computed tomography scan, the triglyceride level, the fasting blood glucose level, and the homeostasis model assessment of insulin resistance score. BDNF levels showed a negative correlation with age. The partial correlation coefficients adjusted by age showed significant differences regarding the body mass index (r = 0.423, P <0.05), percentage of body fat (r = 0.504, P <0.05), and triglyceride levels (r = 0.426, P <0.05). These results provide the first evidence that an increased BDNF is associated with a prevalence of type 2 diabetes mellitus. The BDNF was related to the total and abdominal subcutaneous fat mass and energy metabolism in the newly diagnosed female patients with type 2 diabetes mellitus.
BDNF AND CARDIOVASCULAR DISEASES
NCDs, particularly CVDs and type 2 diabetes have become a major cause of mortality in most of the countries of the world [76, 77] . Vascular endothelial growth factor (VEGF), IL-6, and clusterin have important role in neuroprotection as well as vascular diseases [78] . Low circulating BDNF concentrations have been observed in patients with coronary artery disease, type 2 diabetes mellitus, metabolic syndrome, acute coronary syndrome, and physical inactivity [79, 80] . There is evidence indicating higher VEGF concentrations in patients with hypertension, type 2 diabetes mellitus, smoking, obesity, and coronary artery disease, all risk factors associated with stroke [80] [81] [82] [83] . Experimental studies showed that under hypoxic and ischemic conditions, both BDNF and VEGF and their respective receptors are upregulated in neurons and vascular endothelial cells [84] [85] [86] .
Therapeutic angiogenesis strategy may be of high potential for the regeneration of the infarcted myocardium to prevent cardiovascular mortality and morbidity after myocardial infarction. Recently, it has been reported that BDNF and its receptor, TrkB, are expressed first during late gestation and then persistently at high levels into adulthood in the endothelial cells lining, the arteries and capillaries of the heart [86] . The number of truncated TrkB-positive cells and BDNF protein levels are higher in the aged cardiac microvasculature. BDNF overexpression in the mid-gestational mouse heart results in an increase in capillary density. Regarding exogenous delivery of basic fibroblast growth factor (bFGF) and BDNF in ischemic myocardium, BDNF may improve the angiogenesis and left ventricular function of the ischemic myocardium compared with bFGF [87] . After myocardial infarction, BDNF expression is up-regulated by neural signals from the young heart and then protects the myocardium against ischemic injury [88] . BDNF levels in aged ischemic cardiac microvasculature are higher compared with levels in young non-ischemic, young ischemic and old non-ischemic hearts. The age-related increase in truncated TrkB in cardiac microvascular endothelial cells is apparently linked to an age-associated increase in inflammatory response and a significant increase in myocardial injury following coronary artery occlusion. It is known that the BDNF-TrkB pathway plays an important role in the development of cardiac vasculature, cardiac protection, angiogenesis of the myocardium and myocardial injury seen in the aged heart. Pikula et al. examined the association of serum BDNF and VEGF with the risk of clinical stroke or subclinical vascular brain injury in a community-based sample of 3440 Framingham Study participants (mean age, 65±11 years; 56% women) who were free from stroke/transient ischemic attack (TIA) [89] . After a follow up of 10 years, 193 participants experienced incident stroke/TIA. In multivariable analyses, lower BDNF and higher log VEGF levels were associated with an increased risk of incident stroke/TIA. Lower serum BDNF and higher VEGF concentrations were associated with increased risk of incident stroke/TIA. Higher levels of BDNF were also associated with less white matter hyper intensity and better visual memory. These results indicate that circulating BDNF and VEGF levels modify risk of clinical and subclinical vascular brain injury. It seems that BDNF and VEGF are novel risk markers and may improve stratification of patients at risk for stroke/TIA. As a marker of neuronal function, BDNF may serve as an intermediate biomarker for subclinical vascular disease. BDNF may have biological potential to serve as a therapeutic target for primary and secondary prevention of cardio-metabolic risk as well as clinical and subclinical vascular brain disease.
NUTRITIONAL FACTORS AND BDNF
There is evidence that insulin resistance may be associated with increased risk for developing cognitive decline and neuro-degeneration, vascular dementia, depression and metabolic syndrome, which is a risk factor for type 2 diabetes and CVDs. Low plasma BDNF levels were observed in neurodegenerative diseases as well as in obesity and type 2 diabetes. A decrease in serum BDNF concentration in young non-obese subjects can occur with low insulin sensitivity. Insulin resistance might play a role in common pathogenesis of neurodegenerative and metabolic disorders, and decreased BDNF may explain the clustering of these diseases leading to CVDs and type 2 diabetes. The mechanism connecting insulin resistance with neuro-degeneration is still unclear but it is widely accepted that free fatty acids (FFA) induce insulin resistance. It is noteworthy that lack of exercise and a high-fat diet (HFD) disrupt cognition and contribute to neurodegenerative diseases [90, 91] . A recent study, among 18 obese young adult males and 20 healthy males, examined the effects of hyperinsulinemia and serum free fatty acids (FFA) elevation on circulating BDNF concentration in humans [91] . Insulin sensitivity was reduced by ~40% after 6 h of intralipid/heparin infusion (P< 0.001). During both clamps, i.e. euglycemic hyperinsulinemic clamp with or without intralipid/heparin infusion, serum and plasma BDNF followed the same pattern. Hyperinsulinemia had no effect on circulating BDNF. Raising FFA had no effect on circulating BDNF in 120 min; however, it resulted in a significant decrease by 43% in serum and by 35% in plasma BDNF after 360 min (P = 0.005 and 0.006, respectively). High-fat meal also resulted in a decrease by 27.8% in plasma BDNF (P = 0.04). These results indicate that increasing free fatty acids in the blood decreases circulating BDNF. This might indicate a potential link between free fatty acid-induced insulin resistance and neurodegenerative disorders.
The main source of circulating BDNF in response to exercise is not known. In a recent study, eight volunteers rowed for 4 h while simultaneous blood samples were obtained from the radial artery and the internal jugular vein, to investigate the role of exercise in BDNF release [90] . Mouse brains were dissected and analyzed for BDNF mRNA expression following treadmill exercise to identify putative cerebral region(s) responsible for BDNF release. BDNF release from the brain was observed at rest (P< 0.05), and was found to have increased two-to three-fold during exercise (P< 0.05) in humans. Both at rest and during exercise, the brain contributed 70-80% of circulating BDNF, while that contribution decreased following 1 h of recovery. Exercise induced a three-to five-fold increase in BDNF mRNA expression in the hippocampus and cortex, peaking 2 h after the termination of exercise in mice. These results suggest that the brain is a major but not the sole contributor to circulating BDNF. Moreover, the importance of the cortex and hippocampus as a source for plasma BDNF becomes even more prominent in response to exercise.
The relationship of BDNF with cardio-metabolic risk factors is unclear, and the effect of exercise training on BDNF has not been previously explored in individuals with type 2 diabetes [27] . This study comprised of 150 women with type 2 diabetes who were randomized to an aerobic exercise (aerobic), resistance exercise (resistance), or a combination of both (combination) for 9 months. Baseline serum BDNF was not associated with fitness, body composition, anthropometry, glucose control, or strength measures (all, P>0.05). Similarly, no significant change in serum BDNF levels was observed following exercise training in the aerobic, resistance, or combination groups compared to the control group. However, reductions in waist circumference were directly associated with changes in serum BDNF following training (r = 0.25, P = 0.005). The findings indicated that, serum BDNF was not associated with fitness, body composition, anthropometry, glucose control, or strength measures at baseline. Likewise, serum BDNF measures were not altered by 9 months of aerobic, resistance, or combination training. However, reductions in waist circumference were associated with decreased serum BDNF levels. Future studies should investigate the relevance of BDNF with measures of cognitive function specifically in individuals with type 2 diabetes.
Dietary restriction increases the number of newly generated neuronal cells, induces BDNF expression in the dentate gyrus of rats [92] , and increases serum BDNF in humans [93] . Physical activity increases BDNF measured both in serum and in plasma [92, 94] . BDNF might also regulate glucose metabolism but the hypoglycemic effect of BDNF cannot be ascribed solely to the hypophagic effect of BDNF, because BDNF administration improves insulin resistance in db/db mice, even when food intake is controlled. BDNF is abundantly expressed in central and peripheral nervous system and can cross the blood-brain barrier in both directions. Further studies have shown that BDNF is also produced in non-neurogenic tissues, including skeletal muscle and vascular endothelium, and is stored in platelets which pose the possibility that BDNF can influence platelet dysfunction and thrombosis. Because serum contains the factors released from the platelets, it could be an important issue whether BDNF concentration is measured in serum or in plasma. The changes in plasma BDNF are considered to reflect its changes in the brain. However, serum BDNF concentration has also been reported to closely correlate with the cortical BDNF level, indicating that it can reflect the BDNF level in the brain tissue. Rasmussen et al. reported that the brain contributes to approximately 70-80% of plasma BDNF in healthy humans [90] . It is known that low levels of BDNF are associated with reduced function of alpha2/delta-1 protein in the hypothalamus which facilitates the function of BDNF. BDNF is known to suppress appetite but the exact mechanism how BDNF inhibits appetite and overeating is yet unknown [95] . This study has proven that alpha2/delta-1 protein is necessary for normal BDNF function which could be a new target for treatment of obesity [95] .
In brief, BDNF is a key protein in regulating neuronal survival, differentiation, and synaptic plasticity and seems important for learning and memory function due to its specific effects on central pathways involved in appetite regulation and energy expenditure. Blood BDNF levels were inversely associated with anxiety, depression, insomnia, obesity, insulin resistance, metabolic syndrome, type 2 diabetes and stroke. Okada et al. have observed that BDNF protects against cardiac dysfunction after myocardial infarction via central nervous system mediated pathway [88] . BDNF deficiency increased appetite resulting into overeating and obesity. It is proposed that high fat diet and rapidly absorbed fast foods may cause increase in free fatty acids and insulin resistance with a decrease in BDNF levels and exercise may increase BDNF levels causing beneficial effects on BDNF and nerve growth factor. Randomized, controlled trials and cohort studies would be necessary to demonstrate the role of BDNF on CVDs, type 2 diabetes and in depressive disorders.
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